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It has been shown that the primordial perturbations sourced by inflation are driven to classicality
by unitary evolution alone. However, their coupling with the environment such as photons and
subsequent decoherence renders the cosmological correlations quantum, losing primordial informa-
tion in the process. We argue that the quantumness of the resulting cosmological correlations is
given by quantum discord, which captures non-classical behavior beyond quantum entanglement.
By considering the environment as a quantum channel in which primordial information contained
in the perturbations is transmitted to us, we can then ask how much of this information is inac-
cessible. We show that this amount of information is given by the discord of the joint primordial
perturbations-environment system. To illustrate these points, we model the joint system as a mixed
bi-modal Gaussian state, and show that quantum discord is dependent on the basis which decoher-
ence occurs.
I. INTRODUCTION
The paradigmatic theory of the early universe is in-
flation [1], which posits that an early accelerated expan-
sion of space drove hitherto causally correlated spacetime
events outside the Hubble Horizon, laying down super
Hubble horizon size correlations. This sets the stage for
observers like us undergoing more prosaic expansion in
the late universe to make the observation that the Uni-
verse is highly homogenous and isotropic. Crucially, in
inflation, initial seeds of cosmological perturbations are
sourced by fluctuations of the quantum vacuum of the
inflaton field which drives inflation [2]. These primordial
fluctuations are the progenitors of the density perturba-
tions – stars, galaxies, planets – that we observed in the
present Universe. This occurs as the inflaton decays into
standard model particles (such as photons) and then in-
teract with gravitational forces in a fairly complicated
but straightforward manner to generate hot and cold re-
gions in space. These manifest themselves as slightly hot
and slightly cold (to one part in 105) spots on the Cos-
mic Microwave Background (CMB). These temperature
anisotropies were spectacularly confirmed in the past ten
years [3].
To be specific, we observed the angular power spec-
trum Pl of the temperature anisotropies ∆T/T (n) in the
direction n decomposed into spherical harmonics alm
Pl = 〈almalm〉 , ∆T
TCMB
(n) =
∑
l,m
Yl,m(n)alm (1)
where angled brackets means averaged over all m. Hence,
our observations of the CMB is encoded as a set of l-
valued classical probability distribution functions (pdf)
Pl with an ensemble of m observations per l. Inflation
predicts that Pl to be very nearly scale invariant and
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highly Gaussian, both predictions which were confirmed
to a very high precision [3]. In contrast to classical pdfs,
quantum states are described by density matrices, which
presumably might contain some valuable (to a physicist)
quantum information. Given our measurements on the
CMB, we can then ask the question are the cosmolog-
ical correlations that we measure still possess quantum
properties?
To answer this question requires us to understand the
structure of the quantum state of not just the cosmo-
logical correlations themselves, but also its decoherence
by interactions with the photons and matter fields envi-
ronment which ultimately serve as our detectors of these
primordial fluctuations [4]. In previous studies of this
process, it is shown that the primordial perturbations
are driven into a highly squeezed and classical state via
unitary evolution during inflation [4–8]. In this paper,
we confirm the results of these studies that the primor-
dial perturbations are indeed classical in the sense that
the phase information of the perturbations are driven to
very tiny values1. Furthermore, we prove that this classi-
calness is measurement basis independent, as long as we
limit our consideration to the closed system of primordial
perturbations.
However, in real life, we do not have direct access
to these primordial perturbations. Instead, we observe
things like photons and the matter distribution in the
Universe – things which have long decohered and be-
come classical in the sense that they are resilient to fur-
ther monitoring by our clumsy classical instruments. Pri-
mordial perturbations couple to this environment, which
through some process of decoherence picks up a basis of
which we make measurements on. We subsequently ob-
serve a small subset of this environment to learn about
the primordial information. Furthermore, even though
1 Operationally, the “decaying” mode of the inflationary pertur-
bations gets driven to very small values, carrying the phase in-
formation with it.
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2the primordial perturbations fresh out of inflation may
be classical, the decoherence process (ironically) gener-
ates couplings to the environment, rendering the cosmo-
logical correlations we observe quantum. In other words,
the environment serves as a quantum channel in which
the classical information of the primordial perturbations
is transmitted to us. We can now ask, how much of the
primordial quantum information can we recover from our
late time observations? A possible candidate answer is
to calculate the entanglement entropy of the primordial
perturbations immersed in an environment [6].
However, it is a well known fact that mixed quantum
states, such as that of the joint primordial perturbations-
environment system, has no unique entanglement mea-
sure [9]. More importantly, while other entropy mea-
sures have been calculated for cosmological correlations
[10, 11], it is now known that the quantum nature of
any system goes beyond its entanglement measure, and a
robust measurement of “quantumness” and information
loss instead is quantum discord [12, 13]. In particular,
quantum discord captures quantum correlations beyond
entanglement of mixed state density matrices. Further-
more, we will show that the quantum discord also quan-
tifies the amount of information of the primordial pertur-
bations inaccessible via observations of the environment.
In this paper, we compute the quantum discord for a
model of this joint system, and show that the amount of
quantumness and information loss of this joint system is
dependent on both the physics of decoherence and the ba-
sis it “chose”. In particular, for the latter, the question
of what is the pointer basis (of the primordial states)
that the environment picks up is unclear. One possi-
bility, championed by Kiefer-Polarski-Starobinsky [6], is
that the position basis of the inflaton field is the nat-
ural pointer basis of decoherence. On the other hand,
Campo and Parentani suggest that the coherent basis
is the natural basis [14]. In this paper, we do not at-
tempt to consider all these possibilities, but instead we
will construct a model which shows the basis dependence
explicitly. One can also try to construct a decoherence
model – for example Ref. [15, 16] propose that decoher-
ence occurs via interactions of the high and low frequency
modes.
The paper is organized as follows. In Section II, we
review the notion of quantum discord. In Section III,
we derive the primordial perturbations from inflation
and construct a phenomenological model joint primor-
dial perturbations-environment state. In Section IV,
we compute the quantum discord of this joint state,
and show that it is dependence on basis of decoher-
ence/measurement and argue that it also quantifies the
inaccessible information. We conclude in Section V.
II. QUANTUM DISCORD
In this section, we describe quantum discord. The im-
patient can skip right ahead to Eqn. (15).
Given a pure bipartite system AB described by the
density matrix ρAB , the unique measure of quantum cor-
relations is the entanglement entropy S(ρA) = S(ρB)
where S is the Von Neumann entropy
S(ρ) = −Trρ log ρ. (2)
and the reduced states ρA = TrB(ρAB) and ρB =
TrA(ρAB) where TrX means a partial trace over the X
space.
However, for mixed bipartite systems, there is no
unique entanglement measure. Nevertheless, there is a
notion of no-entanglement – a mixed AB state is not
entangled if it can be written in the separable form
ρAB =
∑
i
pi|ai〉〈ai| ⊗ |bi〉〈bi| (3)
where {|ai〉} and {|bi〉} are some complete and orthogonal
basis for the separate systems A and B respectively.
Ollivier and Zurek [12], and independently Henderson
and Vedral [13] proposed a new measure, quantum dis-
cord, as a more robust measure of quantum correlations
(for a recent review, see [17]). The idea is the following.
Consider the usual classical information provided by the
Shannon entropy
H(A) = −
∑
a
p(A = a) log p(A = a), (4)
where we have summed over all possible realizations of
the pdf p(A).
A bipartite classical system AB with some overlap A∩
B can be described by the joint pdf p(A,B) where A and
B are the parameters. This overlap means that if we
know something about the state of B, then we will learn
something about A. This “something” is quantified by
the classical mutual information which is given by
J(A : B) = H(A)−H(A|B) (5)
where the conditional entropy H(A|B) = ∑b p(B =
b)H(A|B = b), and the separate marginalized pdfs p(A)
and p(B) are derived from the joint pdf p(A,B) via
p(A) =
∑
b
p(A,B = b) , p(B) =
∑
a
p(A = a,B) (6)
and H(A|B = b) is the information contained in the
posterior pdf (i.e. information contained in A knowing
B = b). Classical joint pdfs obey Bayes’ Theorem
p(A|B = b) = p(A,B = b)
p(B = b)
,
H(A|B = b) = −
∑
a
p(A = a|B = b) log p(A = a|B = b),
(7)
which we can plug into Eqn. (5) to obtain another mea-
sure of classical information
I(A : B) = H(A) +H(B)−H(A,B). (8)
3Classically, I(A : B) and J(A : B) are completely equiv-
alent, so I(A : B) − J(A : B) = 0. However, quantum
mechanically, the notion of the posterior pdf H(A|B) is
ill-posed – suppose A and B are correlated in a quantum
manner, a measurement of B which we need to know to
compute H(A|B) may change the state of A! In other
words, Bayes’ theorem do not translate through quan-
tum correlations (since quantum correlations cannot be
expressed as joint pdfs). The main idea is to use the
difference in the quantum version of I and J to define
quantum discord as a measure of quantum correlations.
For quantum correlations, the analogous quantity to
the Shannon entropy is the Von Neumann entropy2 so
we can replace
H(A)→ S(A) = −TrρA log ρA (9)
where ρA is now a density matrix. The quantum gener-
alization of I(A : B) is straightforward
I(A : B) = S(A) + S(B)− S(A,B). (10)
On the other hand, the quantum version of J (A : B)
requires the conditional entropy S(A|B). Since a mea-
surement of B will necessarily affect A in a quantum
state, one can define a notion of conditional entropy by
first considering a set of projection operators {ΠBk } on B
which forms a positive operator valued measure (POVM)
obeying the partition of unity
∑
k Π
B
k = 1. POVMs are
generalization of complete sets in that they are not nec-
essarily orthogonal – we will use these POVMs as probe
states on B.
Now given a state ρAB , a measurement of the state
associated with ΠBk transforms the state into
ρAB → ρABΠ
B
k
Pk
(11)
with probability Pk = TrAB(ρABΠ
B
k ). Given access only
to A, we describe the state by tracing over B, i.e.
ρA|B=ΠBk ≡ TrB
ρABΠ
B
k
Pk
. (12)
Then if one makes a set of all possible measurements
{ΠBk }, the conditional entropy is defined to be
S(A|B = {ΠBk }) ≡
∑
k
PkS(ρA|B=ΠBk ) (13)
so we can construct the quantum version of J(A : B)
J (A : B)ΠBk = S(A)− S(A|B = {Π
B
k }) (14)
where the subscript on the LHS is to remind us that J is
dependent on the choice of POVMs. As we will see later,
2 For mixed states, this is not a unique choice since there is no
unique measure of entanglement. See [9] for a thorough review.
J (A : B)ΠBk is actually the Holevo information from A
to B [18] – this fact will be important when we consider
the maximum possible information we can recover from
the primordial perturbations.
The discord is defined to be the difference between I
and J
δ(A : B)ΠBk = I(A : B)− J (A : B)ΠBk
= S(B)− S(A,B) +
∑
k
PkS(ρA|B=ΠBk ) ≥ 0.
(15)
It is clear that if discord vanishes, then the state
is truly classical since it can be represented by joint
pdfs. Note that discord is non-symmetric under the in-
terchange of A ↔ B as the conditional entropy is non-
symmetric.
Crucially, mixed separable states can have nonzero dis-
cord – discord captures non-classical correlations beyond
entanglement. In general, discord is also a function of
the probe states {ΠBk } and hence is measurement basis
dependent. One can make it measurement basis indepen-
dent by insisting that it is minimized over the field of all
possible sets of probe states ΠBk,q labeled by q
δ(A : B) ≡ inf
q
(δ(A : B)ΠBk,q ). (16)
This “measure independent discord” is invariant under
local unitary transforms, i.e. the discord for ρAB is the
same as that of (UA⊗UB)ρAB(UA⊗UB)† where UA and
UB are local unitary transforms on A and B respectively.
However, since we are considering cosmological correla-
tions, we are not allowed to willy-nilly rotate the entire
universe, so we will use the measure dependent discord
Eqn. (15) throughout the paper.
III. GAUSSIAN MODEL OF JOINT
PERTURBATIONS-ENVIRONMENT STATE
During inflation, the initial conditions of the pertur-
bation modes are sourced by quantum fluctuations of
its vacuum, the so-called Bunch-Davies vacuum (for a
thorough review, see [19]). In linear theory, one can
work in Fourier space and label the modes by its co-
moving momentum k. Following [4, 5, 8], we work in the
Schro¨dinger’s picture. If we define the perturbations as
yk, the Hamiltonian can be written as
Hˆk =
1
2
(
p2k + k
2y2k +
2a′
a′
ykpk
)
(17)
where the canonical momentum pk = ∂L(y, y
′)/∂y′ =
y′ − a′/ay where a(η) is the cosmic scale factor, and η is
the co-moving time. Primes denote derivatives with re-
spect to comoving time η. Using the Schro¨dinger’s Equa-
tion
i~
∂ψ(y, η)
∂η
= Hˆkψ(y, η) (18)
4we can evolve the wave function ψ(yk, η). The solution
to Eqn. (18) is
ψ(y, η) =
(
2ΩR(η)
pi
)1/4
exp(−(ΩR + iΩI)y2), (19)
where k−1ΩR = (cosh 2r + cos 2ϕ sinh 2r)−1 and ΩI =
−ΩR sin 2ϕ sinh 2r encode the dynamics of the back-
ground a(η). Inflation is a phase of near de Sitter space,
which in this limit we have
sinh 2r =
aHI
2k
, cos 2ϕ = tanh r (20)
where the number of e-folds of inflation is given by
r = log
a
ai
> 60, (21)
which also happens to coincide with the squeezing param-
eter. At the end of inflation, ΩR → ke−2r , ΩI → −ke−r.
Ignoring decoherence for the moment, we can write down
the density matrix for the cosmological perturbation pure
state
ρS(y, y
′) = ψ(y, η)∗ψ(y′, η)
=
2ΩR
pi
e−[
ΩR
2 (y−y′)2−
ΩR
2 (y+y
′)2−iΩI(y2−y′2)].
(22)
In general y is complex, and contain information on both
the positive and negative frequency ±k modes. One way
to think about this is that the positive and negative fre-
quency sectors jointly form an entangled bipartite system
when they are produced – just as in Hawking radiation3.
In perturbation theory, this entanglement is tiny (3rd
order at the most), and we can ignore their couplings
and consider only the real part of y. At late times, then
ΩR  1 as r  1, the off-diagonal terms get suppressed
and we obtain a density matrix which is highly diagonal –
phase information is driven to very small values. Suppose
now that we have an inflaton detector, and can directly
make observations in the y-basis, then what we obtain
is simply a classical pdf in the y-basis. The off-diagonal
phase information have been “lost”4, so the system no
longer looks “quantum” in the sense that there can be
no interference effects. Note that this loss of coherence
is qualitatively different from the quantum effects of en-
tanglement (since there is nothing to entangle with in a
single partite state).
We now consider entanglement with the environment.
Kiefer, Polarski and Starobinsky [6] following [21] argue
that macroscopic localization of the inflaton particles (via
3 I am grateful to Lam Hui and Riccardo Penco for pointing this
out to me. See [20].
4 Of course, evolution here is still unitary, so one can in principle
turn the clock backwards and recover the phase.
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FIG. 1. Primordial perturbations start off in the Bunch-
Davies vacuum state ρ(η0), evolve via unitary evolution dur-
ing inflation into the squeezed state ρS(η). These perturba-
tions source the fluctuations in the Cosmic Microwave Back-
ground which seeds the formation of large scale structure of
galaxies, collectively forming the environment in which we can
observe, decohering in the process. The environment hence
acts as a quantum channel which transmits the primordial in-
formation to us. We make (classical) observations on a small
subset (a single triangle) of the environment to infer the na-
ture of the primordial fluctuation.
a large number of scattering processes with the environ-
ment), leads to the following ansatz for the density ma-
trix
ρS(y, y
′)→ ρ′S(y, y′) = ρS(y, y′)× exp
[
−ζ
2
(y − y′)2
]
(23)
where the “decoherence parameter” ζ encodes the
strength and intensity of the interactions and obeys
ΩI  ζ  ΩR. (24)
The first inequality is required to preserve the fact that
the pointer basis {yk} is still squeezed, while the 2nd in-
equality is chosen such that the interactions with the en-
vironment “blurs” the sharpness of the original squeezed
state.
These couplings generically lead to a loss of quantum
information of the original pure state via leakage into the
environment, i.e. ρ′S is a mixed state. Our cosmological
observations do not directly probe the perturbations, in-
stead we probe the environment for which it couples to
– photons and matter fields – in order to learn about the
primordial perturbations. Put in another way, the envi-
ronment acts as a quantum channel of which the original
primordial perturbations is transmitted (see Figure 1).
Our observations are classical of course (in the sense that
our data is encoded as a set of classical pdfs). As it is well
known, the Holevo information [22] puts an upper limit
on how much of this primordial quantum information can
be transmitted to us through this channel. We will also
compute this loss of information in the following.
Now it is not surprising that this loss is highly depen-
dent on the exact form of the interactions between the
5primordial perturbations and the environment. In prin-
ciple, one should be able to construct a model of deco-
herence by considering all possible couplings, both direct
and gravitational, between the primordial perturbations
S and the environment E . We emphasise that E refers to
the environment that we can make observations off – it is
a very small subset of the entire universe. To construct
this joint state from first principles is highly complicated.
In this work, we will instead take a phenomenological
tack by constructing a joint density matrix ρSE such that
TrE(ρSE) = ρ′S . (25)
In general, there is no unique ρSE . Fortunately, it
turns out that the reduced state Eqn. (22) is a single
mode Gaussian quantum state which allows us to make
progress (for a recent review on Gaussian quantum states,
see [23]). Given any Gaussian quantum state, it is possi-
ble to construct a purification of ρ′S , i.e. a pure two mode
Gaussian state ρSE [24] which obeys Eqn. (25). We can
then parameterize around this pure two mode Gaussian
to construct a generic mixed joint state.
To do this, instead of fiddling around with density ma-
trices, it is convenient to work in the equivalent Wigner
distribution picture which we can obtain by Weyl trans-
forming the density matrix Eqn. (22) via
W (y, p) =
1
pi
∫ ∞
−∞
dx e2ipxρ(y − x/2, y + x/2),
=
1
pi
exp
[
−2(p+ ΩIy)
2
ΩR + ζ
+ 2ΩRy
2
]
. (26)
We can further transform Eqn. (22) into the canonical
Gaussian form with y → y/2√k, p → (1/2)√kp, α ≡
−ΩI/k = e−r, λ ≡ ΩR/k = e−2r and ξ = ζ/k, such that
α > 0, λ > 0. Then the Wigner distribution becomes
W (y, p) =
1
pi
√
λ
λ+ ζ
exp
[
−1
2
[
(p− αy)2
λ+ ξ
+ λy2
]]
=
1
pi
√
λ
λ+ ζ
exp
[
−1
2
yσ−1S y
T
]
(27)
where y = {y, p} and the covariance matrix σS of the
single mode Gaussian state is given by
σS =
( 1
λ
α
λ
α
λ λ+ ξ +
α2
λ
)
. (28)
The state is normalized to∫ ∞
−∞
Dy WS = 4pi. (29)
A general N mode Gaussian state describes dynamics
of a 2N vector {y1, p1, y2, p2, . . . , yN , pN}. The condi-
tions on σ for this to be a physical state is σ + iΩ > 0
(which is derived from imposing pair wise canonical com-
mutation relations on xi and pi) where Ω is the symplec-
tic form given by
Ω = ω ⊕ ω ⊕ ω ⊕ . . . ω N times , ω =
(
0 1
−1 0
)
. (30)
We can then construct a two parameter (β, τ) mixed
2-mode Gaussian state with y = {y1, p1, y2, p2} whose
convariance matrix σSE is given by (see Appendix A for
the derivation)
σSE =

1
λ
α
λ
√
ξ
λ
(
1 + ξλ
)−1/4
0
α
λ ξ +
α2
λ + λ α
√
ξ
λ
(
1 + ξλ
)−1/4
−
√
−1 +
(
1 + ξλ
)
τ2(λ(ξ + λ))1/4√
ξ
λ
(
1 + ξλ
)−1/4
α
√
ξ
λ
(
1 + ξλ
)−1/4
β
√
1 + ξλ 0
0 −
√
−1 +
(
1 + ξλ
)
τ2(λ(ξ + λ))1/4 0 β
√
1 + ξλ

,
(31)
so its normalized Wigner distribution is
WSE =
1
pi
λ√
(−ξ + β(ξ + λ))(λ+ (ξ + λ)(β − τ2)) exp
[
−1
2
yσ−1SEy
T
]
. (32)
The state Eqn. (31) is a pure 2-mode Gaussian state
when β = τ = 1. We hasten to add that while the
joint state does not necessary have to be Gaussian, this
assumption is not unreasonable – indeed it should be
expected via the Central Limit Theorem as the environ-
ment itself is also highly Gaussian (i.e. our observations
of the CMB has shown that it is highly Gaussian). This is
model is not the most general, but is chosen such that it
illustrates the measurement basis dependence of discord.
The state Eqn. (31) can be rewritten in the following
6block form
σSE =
( A C
CT B
)
. (33)
where A,B and C are 2× 2 matrices, from which we can
compute the following
A = det(A) = 1 + ξ
λ
B = det(B) = β2
(
1 +
ξ
λ
)
C = det(C) = −
√
ξ
λ
[
−1 + τ2
(
1 +
ξ
λ
)]
D = det(σSE)
=
[
− ξ
λ
+
(
1 +
ξ
λ
)
β
] [
1 +
(
1 +
ξ
λ
)
(β − τ2)
]
.
(34)
Note that C < 0, which implies that the state is en-
tangled since ρ′S is a mixed state [23]. In addition to the
determinants, we can also calculate the symplectic eigen-
values ν± which are particularly useful quantities of this
matrix
ν± =
√
1
2
(∆±
√
∆2 − 4D) (35)
where
∆ ≡ A+B + 2C
=
(
1 + ξλ
)
(1 + β2)− 2
√
ξ
λ
[
−1 +
(
1 + ξλ
)
τ2
]
.(36)
The orientation angle α drops out of the calculation as
expected since it is simply the phase of the primordial
perturbations.
Physicality of the state imposes the conditions
A,B, ν± ≥ 1, with ν± = 1 when the state is pure. In
the limit of ξ/λ 1 as imposed by the second inequality
of Eqn. (24), the first two conditions translate to
β2, τ2 ≥
(
1 +
ξ
λ
)−1
. (37)
For simplicity, we impose the additional conditions β ≥
1 and τ2  (1 + ξ/λ)−1, which leads to the condition
τ2 ≤ β.
IV. QUANTUM DISCORD OF
COSMOLOGICAL CORRELATIONS
We can then proceed to compute the discord for the
joint state Eqn. (31). To do that, we need to choose a
measurement basis. Again, by appealing to our observa-
tions, we choose generalized pure Gaussian POVM oper-
ators {ΠE} as probe states [25]. Since they are Gaussian
states, they can be described by the covariance matrix
σ0 = R(θ)
(
γ 0
0 1γ
)
RT (θ) (38)
where R(θ) is a rotation matrix, with θ being the “align-
ment angle” and γ is the squeezing parameter. Note that
the points (θ = pi, γ) and (θ = pi/2, 1/γ) are equivalent.
For each choice of (θ, λ), we can then generate [25] a
set of single mode Gaussian probe states labeled by the
complex parameter z, which forms a POVM with the
partition of unity
1
pi
∫
d2zΠE(z) = 1. (39)
The discord can then be computed via [25–27]
δ(S : E)ΠE(z) = f(
√
A)−f(ν−)−f(ν+)+f(
√
det ) (40)
where
f(x) =
x+ 1
2
log
(
x+ 1
2
)
− x− 1
2
log
(
x− 1
2
)
, (41)
and
 = A− C(B + σ0)−1CT , (42)
which is the covariance matrix of the state ρS|ΠE(z) after
the measurement ΠE(z) (note that the state is indepen-
dent of z [28]).
The results of the calculation is shown in Figure 2.
The discord is highly dependent the choice of basis pa-
rameterized by (θ, γ). Maximum discord occurs at the
points (θ = pi/2, β = τ2) and (θ = pi, β = 1), and
their equivalent points under the transformation γ → 1/γ
and θ → θ + pi/2. We emphasise that despite the fact
that these Gaussian states have positive definite Wigner
functions, they are not classical as their discord is non-
vanishing. In other words positivity of Wigner functions
is an insufficient criteria for classical behavior – Gaussian
states have vanishing discord only in the case where they
are products states [26].
In the special case where σSE is pure (i.e. when β =
τ = 1), ν± = det  = 1, and hence via Eqn. (40) we find
(with χ ≡ ξ/λ)
δ(A : B)ΠE(z) = f(1 +
√
1 + ξ/λ) (43)
which is also equal to the entanglement entropy of the
perturbations traced over the environment S(TrEρSE)
(first calculated in [6]). This result is not surprising –
it is known that discord of a pure state is equivalent to
its entanglement entropy [29]. Interestingly, if there is
no decoherence ξ = 0, the discord vanishes and the cos-
mological perturbations are indeed classical at the end
of inflation, driven by unitary evolution alone. If all we
have is direct access to the cosmological perturbations,
and nothing else, then there will be no physical way we
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FIG. 2. The discord δ(S : E) of the joint perturbations-
environment state ρSE , parameterized by (β, τ). In this
plot, we have chosen ξ/λ = 105, and the measurement ba-
sis γ = 105 and θ = pi/2 (top) and θ = pi (bottom). The
maximum occurs at τ2 = β (top) and β = 1 (bottom). The
whiteout area indicates that the state is unphysical.
can distinguish them from a set of classical perturbations
despite their quantum origins.
Ironically, it is the decoherence of these perturba-
tions via couplings with the environment, and hence
the generation of genuine couplings (including true en-
tanglement) between the perturbations and the environ-
ment which render the cosmological correlations quan-
tum. The strength of these quantum correlations gained
through this coupling depends on the strength of the cou-
plings between the perturbations and the environment,
and information is lost in this process. How much of the
information is lost depends on the measurement basis (or
more practically, the decoherence basis). Of course, even
though the measured cosmological correlations are now
quantum (and hence subject to tests of quantumness such
as Bell’s [14, 20] or the CHSH [30] inequality), detection
of any quantumness do not imply that the primordial
correlations are quantum.
On the other hand, one can ask the question how much
information is lost during the decoherence process. In
other words, what is the maximum amount of informa-
tion we can learn about primordial perturbations? For
any given quantum channel described by Q = {Pk, ρk},
the upper bound of classical information transmitted is
bounded by an upper limit known as the Holevo infor-
mation χ(Q) [22]. The Holevo bound χ(Q) ≥ I(A : B)
refers to maximum amount the classical mutual informa-
tion I(A : B) accessible about system A from system B,
through quantum channel Q.
The answer to our question is provided by a recent
observation shown in Ref. [18], whose authors noted
that for a bipartite system SE , the quantum mutual in-
formation (the knowledge we learn about the perturba-
tions S given our measurements of the environment E)
is a sum of quantum discord and the Holevo information
χ(Pk, ρS|ΠEk )
I(S : E) = δ(S : E)ΠEk + χ(Pk, ρS|ΠEk ). (44)
Eqn. (44) means that the discord quantifies exactly how
much of the information contain in the quantum corre-
lations is inaccessible to cosmologists – i.e. information
loss during the measurement. To see this, we first de-
rive relation Eqn. (44). Consider the definition of the
Holevo information. Suppose we want to transmit some
classical information encoded in the set of classical prob-
abilities {Pk} labeled by k, using a quantum channel. We
can construct a quantum state made out of the ensemble
{Pk, ρk} with POVM {ρk}, and then an observer who
is not privy to the details of the construction will see a
quantum state ρQ given by
ρQ =
∑
k
Pkρk. (45)
The Holevo information of this system is then given by
χ(Pk, ρk) = S(ρQ)−
∑
k
PkS(ρk) (46)
where we have made clear that χ depends on the choice
of POVMs. Now, considering the definition of Eqn. (14)
J (A : B)ΠBk , if we choose ρk → ρS|ΠBk then, using Eqn.
(12), we compute∑
k
PkρS|ΠEk =
∑
k
TrE
[
(ΠEk ⊗ 1S)ρSE
]
= TrEρSE
= ρ′S , (47)
where we have used the cyclic property of the trace in the
first line and the POVM partition of unity
∑
k Π
E
k = 1
E
in the second line. Plugging this into Eqn. (46) and
comparing with Eqn. (14) we get
χ(Pk, ρS|ΠEk ) = J (S : E)ΠEk , (48)
and Eqn. (44) follows. One way to interprete this quan-
tity is the following. The environment picks up a deco-
herence basis {ΠEk}, which prepares the primordial state
S as the ensemble {Pk, ρS|ΠEk} with its Holevo informa-
tion χ(Pk, ρS|ΠEk ) quantifying the maximum amount of
classical information of this ensemble (i.e the set of prob-
abilities {Pk}) which is accessible by our measurements of
the environment. From Eqn. (44), by minimizing discord
δ(S : E)ΠEk , we maximize the amount of quantum mutual
information. Discord vanishes when the joint state ρSE is
truly classical, then I(S : E)→ I(S : E), and the Holevo
bound is attained.
Finally, since the mutual information I(S : E) is in-
dependent of the probe basis {ΠEk} while both the dis-
cord and the Holevo information is dependent on it –
8this imply that the exact efficiency of the transmission
is dependent on the choice of decoherence/measurement
basis.
V. CONCLUSIONS
In this paper, we introduced quantum discord as a
measure of the quantumness of cosmological correlations
– quantum discord captures deviation of classicality of
the correlations beyond mere entanglement and hence is
a more robust measure. We argue that even though infla-
tion generically drives the primordial perturbations into
classicality, the coupling to the environment of photons
and matter fields – which we observed as probes of the
primordial perturbations – render any observed cosmo-
logical correlations manifestly quantum.
The environment hence serves as a quantum channel
in which the information contained in the primordial per-
turbations is transmitted to us, and this efficiency of this
transmission is dependent on the decoherence basis. Fur-
thermore, we argue that the knowledge we gained about
the primordial perturbations from an incomplete mea-
surement of the environment, i.e. the mutual informa-
tion, is bounded by the Holevo information while the
“information loss” is exactly the quantum discord. Fur-
thermore, since quantum discord (and the Holevo infor-
mation) is dependent on measurement basis, this effi-
ciency is deeply dependent on Nature’s whim in her pick
of the decoherence basis. As an illustration, we con-
structed a phenomenological model of a joint primordial
perturbations-environment mixed state. Using this, we
showed that the discord is indeed dependent on the basis
of decoherence.
Since the cosmological correlations are truly quantum
in nature, then they are subject to consistency tests such
as Bell’s or CHSH inequalities (see e.g. [14]). However,
it is clear that even if such a test exists and is practical,
we are not probing the “primodial” quantum nature of
the fluctuations but instead we are probing the process of
decoherence. While this is slightly disheartening, if one’s
goal is to test for the quantum origins of the primordial
fluctuations, it is a test of quantum mechanics in the
largest possible scale – the scale of the cosmos itself. We
leave the construction of such a statistical test to future
work.
We end this work on a whimsical note – perhaps hu-
mankind should have understood the cosmological cor-
relations in greater detail before recklessly embarking on
the campaign of precision measurements of the CMB and
hence losing possible crucial primordial information5.
5 We thank David Tong for confessing to this nightmare.
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Appendix A: Construction of Mixed Gaussian states
Our goal is to construct a mixed joint perturbations-
environment density matrix ρSE such that
TrEρSE = ρ′S , (A1)
where ρ′S is the single mode mixed Gaussian state ansatz
Eqn. (23). Our strategy is to first find a Gaussian pu-
rification of ρ′S , which is a two mode pure Gaussian state
ρ˜SE , and then parameterize around it. It turns out that
there exists a two mode Gaussian purification [24], whose
covariance matrix σ˜SE is given by
σ˜SE =
(
σS SC
CTST σ⊕S
)
(A2)
where
C =
( √
ν2 − 1 0
0 −√ν2 − 1
)
, (A3)
and
σ⊕S =
(
ν 0
0 ν
)
(A4)
and the symplectic eigenvalue ν is the positive definite
eigenvalue of the matrix iΩσS (the symplectic matrix Ω is
defined in Eqn. (30)). S is the symplectic transformation
matrix S ∈ Sp(2,R) defined by
Sσ⊕S S
T = σS , SΩS
T = Ω. (A5)
S is in general not unique, but a choice of S which works
is the following
S =
(
(λ(λ+ ξ))−1/4 0
−α(λ(λ+ ξ))−1/4 (λ(λ+ ξ))1/4
)
. (A6)
We can check that this state is pure by computing the
symplectic eigenvalues of σ˜SE (either by using Eqn. (35)
or by calculating the positive eigenvalues of the 4 × 4
matrix iΩσ˜SE) to find ν± = 1.
To construct a mixed two mode Gaussian state, we
parameterize Eqn. (A2). There is in general a large
9number of ways one can make this parameterization, and the parameterization we will use, i.e. Eqn. (31) where
σSE(β = 1, τ = 1) = σ˜SE , (A7)
is chosen such that it illustrates the basis dependence of
discord.
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